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The experimental data were tested against the Lagergren pseudo-first-order (PFO)1 and pseudo-second-

order (PSO) kinetic models2. The non-linear and linear forms of the PFO are represented by Supplementary 

equations 1 and 2, respectively: 

 

𝑞𝑡  =  𝑞𝑒(1 −  𝑒𝑘1𝑡)      Supplementary equation 1 

 

log(𝑞𝑒 −  𝑞𝑡) =  
𝑘1

2.303
𝑡 + log(𝑞𝑒)   Supplementary equation 2 

 

where qe (mg/g) and qt (mg/g) are the amounts of adsorbate uptake per mass of adsorbent at equilibrium 

and at any time t (min), respectively; and k1 (1/min) represents the rate constant of the PFO model.  

 

 

The non-linear and linear forms of the PSO and the initial adsorption rate (h) proposed by Ho et al.2 are 

presented by Supplementary equations 3, 4 and 5, respectively:  

 

𝑞𝑡  =  
𝑞𝑒

2𝑘2𝑡

1+ 𝑘2𝑞𝑒𝑡
      Supplementary equation 3 

 
𝑡

𝑞𝑡
 = (

1

𝑞𝑒
) 𝑡 +  

1

𝑘2𝑞𝑒
2     Supplementary equation 4 

 

ℎ =  𝑘2  =  𝑘2𝑞𝑒
2     Supplementary equation 5 

 

where qe (mg/g) and qt (mg/g) are the amounts of adsorbate uptake per mass of adsorbent at equilibrium 

and at any time t (min), respectively; and k2 (g/mg x min) is the rate constant of the PSO model. 

 

 

The experimental data were tested against the Langmuir3 and Freundlich4 isotherms to determine whether 

the adsorption process proceeded via monolayer or multilayer adsorption. The non-linear and linear forms 

of the Langmuir isotherm can be represented by Supplementary equations 6 and 7, respectively. The 

dimensionless separation factor RL is represented by Supplementary equation 8. 

 

𝑞𝑒 =
𝑄𝑚𝑎𝑥

𝑂 𝐾𝐿𝐶𝑒

1+ 𝐾𝐿𝐶𝑒
      Supplementary equation 6 

 
𝐶𝑒

𝑞𝑒
 = (

1

𝑄𝑚𝑎𝑥
𝑂 ) 𝐶𝑒 +  

1

𝑄𝑚𝑎𝑥
𝑂 𝐾𝐿

    Supplementary equation 7 

 

𝑅𝐿  =  
1

1+ 𝐾𝐿𝐶0
      Supplementary equation 8 
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where 𝑄𝑚𝑎𝑥
𝑂  (mg/g) and qe (mg/g) represent the maximum adsorption capacity for the Langmuir model and 

adsorption capacity for the experimental data at equilibrium, respectively; CO (mg/L) and Ce (mg/L) are the 

initial and equilibrium concentrations of the adsorbate; and KL (L/mg) is the Langmuir equilibrium constant 

that is related to the affinity between the adsorbent and adsorbate. 

 

 

The non-linear and linear forms of the Freundlich isotherms are represented by Supplementary equations 9 

and 10, respectively: 

 

𝑞𝑒  =  𝐾𝐹𝐶𝑒
𝑛      Supplementary equation 9 

 

log 𝑞𝑒 =  𝑛 log 𝐶𝑒 +  log 𝐾𝐹     Supplementary equation 10 

 

where qe (mg/g) is the amount of adsorbate uptake at equilibrium; KF (mg/g)/(mg/L)n is the Freundlich 

constant; Ce (mg/L) is the concentration of the adsorbate at equilibrium; and n is the dimensionless 

Freundlich intensity parameter.  

 

 

In the determination of the best model for the rate data we used the chi-squared (𝒳2) and the coefficient 

of determination (R2) using supplementary equations 11 and 12 respectively:   

 

𝒳2  = ∑
(𝑞𝑒,𝑒𝑥𝑝− 𝑞𝑒,𝑒𝑥𝑝)2

𝑞𝑒,𝑐𝑎𝑙
     Supplementary equation 11 

 

𝑅2  = 1 −  
∑(𝑞𝑒,𝑒𝑥𝑝− 𝑞𝑒,𝑐𝑎𝑙)2

∑(𝑞𝑒,𝑒𝑥𝑝− 𝑞𝑒,𝑚𝑒𝑎𝑛)2    Supplementary equation 12 

 

where qe, exp (mg/g) and qe, cal (mg/g) are the adsorption capacity of the experimental data and model, 

respectively; and qe, mean (mg/g) is the mean adsorption capacity of the qe,exp values.  

 

 

The thermodynamic parameters were computed using Supplementary equations 13–17.  

 

ΔG° = -RTlnKC      Supplementary equation 13 

 

 

The equilibrium constant (KC) was made dimensionless by multiplying the Langmuir constant (KL) by 106 factor 

the density of the solution with the assumption that the density of pure water is 1.0 g/mL as shown by 

Supplementary equation 14 

 

KC = 106KL      Supplementary equation 14 

 

 

Substitute Supplementary equation 14 into 15 to obtain Supplementary equation 16, then the relationship 

of the Gibbs energy change (ΔG°) to the enthalpy change (ΔH°) and the entropy change (ΔS°) can be described 

by Supplementary equation 16: 
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ΔG° = - RTln(106KL)     Supplementary equation 15 

 

ΔG° = ΔH° - TΔS°     Supplementary equation 16 

 

 

By substituting Supplementary equation 15 into 16, the van’t Hoff equation can be obtained as shown by 

Supplementary equation 17: 

 

Ln(106KL) = 
−𝛥𝐻°

𝑅
×

1

𝑇
+

𝛥𝑆°

𝑅
    Supplementary equation 17 

 

where T is the absolute temperature (K) and R is the universal gas constant (8.3144 J/mol x K). The (ΔG°) can 

be calculated from Supplementary equation 16, with (ΔH°) and (ΔS°) obtained from the slope and intercept, 

respectively, of the plot of lnKC v/s 1/T from Supplementary equation 17. 

 

 

 
Supplementary figure 1: Chromatogram for the waste cooking oil. 

 

 
Supplementary figure 2: (a and b) The XPS spectra of OLNCs adsorbent for C1s and O1s peaks after 

adsorption of Cr. 
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Supplementary figure 3: The XPS survey spectra for the OLNCs before and after the removal of Cr(VI) ions. 

 

 

Supplementary table 1: List of chemical compounds detected in different waste cooking oil 

This study Zayed et al.5 Mannu et al.6 

Unknown waste cooking oil Waste sunflower oil Waste cotton Unknown cooking oil 

Oleic acid Oleic acid Oleic acid 
 

Hexadecenoic acid Hexadecenoic acid Hexadecenoic acid 
 

Palmitoleic acid Palmitoleic acid Palmitoleic acid 
 

9 -Octadecenoic acid (Z)- 9 -Octadecenoic acid (Z)- 9 -Octadecenoic acid (Z)- 
 

2-Pentanone 2-Pentacosanone 
  

2-Heptanone 2-Heptacosanone 
 

2-Heptanone 

Eicosatetraenoic acid Eicosanoic acid 
  

Quinoline 
 

Quinoline 
 

1-Cyclohexyldimethylsilyloxybutane 
 

1Cyclohexyldimethylsiyoxybutane 
 

Nonanal 
  

Nonanal 

Cyclopropane 
   

9,12-Octadecadienoic acid (Z,Z)-  
   

Heptane 
  

Heptane 

Hexanoic acid 
  

Hexanoic acid 

2-Decenal, (E)- 
  

2-Decenal, (E)- 

Farnesene 
  

Farnesene 

2-Undecenal 
  

2-Undecenal 

2,4-Decadienal 
  

2,4-Decadienal 

2-Decenal, (E)- 
  

2-Decenal, (E)- 

Propanoic acid 
  

Propanoic acid 

2,4-Heptadienal 
  

2,4-Heptadienal 
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Supplementary table 2: Peak ID and quantification 

Adsorbent Name Peak BE FWHM (eV) Atomic % 

OLNCs 

C1s (C-C) sp2 284.2 1.4 41.9 

C1s (C-C) sp3 284.6 1.4 32.2 

C1s (C-O) 286.1 0.9 5.7 

C1s (C=O) 288.0 0.9 3.0 

C1s (O-C=O) 288.7 0.9 3.5 

O1s (Organic C-O) 531.7 1.4 6.9 

O1s (Organic C=O) 533.1 1.4 6.7 

Cr-OLNCs 

C1s (C-C) sp2 283.9 1.1 45.8 

C1s (C-C) sp3 284.9 1.1 25.7 

C1s (C-O) 286.3 1.3 9.1 

C1s (O-C=O) 288.6 1.3 6.2 

O1s (Organic C-O) 530.0 1.5 0.5 

O1s (Organic C-O) 531.9 1.4 6.4 

O1s (Organic C=O) 533.3 1.4 6.3 
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